Materials and Methods 
This PDF file includes:
Materials and Methods 
Structure-based design of Ras-Raf mutant complexes.
We used structure-based design to generate c-Raf mutants with changed association and dissociation rate constants, and different equilibrium affinities. The Ras-Raf complex (1) and other Ras-effector complexes (2) (3) (4) (5) (6) show strong charge complementarity: Ras is mainly negatively charged and the effectors are mainly positively charged. Various studies have shown that a strong electrostatic surface complementarity in a protein complex enhances the association rate constant (k on ) through formation of a low-affinity encounter complex before the final highaffinity complex is formed (known as electrostatic steering) (7) (8) (9) (10) (11) (12) . In vitro experimental evidence indicates that this is true for Ras-Raf complex formation (13, 14) . Electrostatic steering can be influenced by residues outside the Ras binding site; these sites provide good targets for mutagenesis to enable alteration of k on without changing the dissociation rate constant (k off ) (13, 15) . A large body of evidence involving different proteins [including the Ras-Raf complex, see (14) and fig. S2 and table S1] indicates that the prediction of the effects on k on of mutants that affect charge is quite accurate (13, 15) .
Based on the Ras-RafRBD complex structure (pdb entry 1GUA) (1), we selected positions that when mutated should mainly affect the association rate constant (changes on charge at peripheral positions: T57, R73, N71, D80, K87, E125), or the dissociation rate constant (residues at the interface: A84 and R89) (14) ( Fig. 2A and 2B ).
By combining mutations at these positions we designed 17 mutants that, based on FoldX predictions, should affect kon, koff or both, resulting in proteins with the same binding affinity as wild-type (WT) c-Raf but different kon and koff values, or with lower or higher binding affinities ( fig. S3 and table S2 ). In comparing predicted values with experimental data on the effects of 20 mutations (14), of which 5 were used in combination with other mutations in this study, we found excellent agreement ( fig. S3 and table S1).
Detailed model description.
General description.
The computational model includes EGF-stimulated activation of the EGFR, subsequent activation of Ras (RasT) by recruitment of adaptor proteins (Shc, Grb-2) and Sos1. RasT leads to the activation of the MAPK cascade, with includes activation and phosphorylation of c-Raf, MEK, and ERK. Active ERK gets transported to the nucleus where it stimulation expression of target genes. Downregulation includes the negative feedback from active ERK to Sos1, recruitment of GAP, phosphatases, and receptor internalization.
We aimed to generate a model that predicts the ERK phosphorylation kinetics in two cell lines: Transient ERK phosphorylation as found in HEK293 cells and sustained activation as found in RK13 cells. We focused on several events that take place after EGF binding and activation of the EGF receptor (designated "R" in the model). These include recruitment of Sos1, activation of Ras, binding and activation of c-Raf or B-Raf kinase (Raf) and of the Ser/Thr kinases MEK and ERK. To compare experimentally determined luciferase activities with model-based predictions, we also included ERK-P translocation to the nucleus, and protein (luciferase) expression. Downregulation was achieved through the action of phosphatases, and by a negative feedback loop in which active ERK (ERKPPc = active ERK, double-phosphorylated localized in the cytosol) thereby preventing Sos1 association with Grb2. Further down-regulation is achieved by GAP, which is recruited to the EGFR through docking proteins, such as Gab1 or members of the Dok family (Dok1).
We do not consider events involving PI3K, because binding events involving PI3K are not completely understood, and PI3K can either promote or inhibit ERK-P (1), depending on the EGF concentration. Here, we show with standard EGF stimulation conditions (50 ng/ml) PI3K promotes ERK activation in HEK293 and RK13 cells (see main text). However, because the shape of the activation curve is very similar with and without PI3K inhibitor, we did not include PI3K in the model. In building the model, we have taken into consideration the latest experimental data for association and dissociation rate constants, and reactions and rate constants from previous models (2-4). We used rate constants based on those in the Yamada 2004 model (3), which was based on the earlier models of Kholodenko and Schoeberl (2, 5) . These rate constants were modified to fit experimental data and also by including the intrinsic GTP hydrolysis Ras, which takes place at a non-negligible rate in vivo (6) .
We tried to generate a model that explains transient ERK phosphorylation kinetics in HEK293 cell. For reactions that were very sensitive to parameter changes, we explored parameters by modifying them from 2 to 10 times, and we selected those which best reproduced the transient ERK-P and Sos1-P phosphorylation kinetics, as observed experimentally. Concentrations were taken from the Kiyatkin/Kholodenko 2006 model (4) .
Detailed model description -continued.
The model used to explain transient ERK phosphorylation in RK13 cells was based on the HEK293 model, except that negative feedback was deleted (reactions R81 to R84, see table S3), and receptor concentration was increased 400%, because HEK293 cells have very few EGFRs (Fig. 3) .
EGF binding, receptor activation and dephosphorylation.
Binding of EGF to the EGFR is fast and dissociation slow and there are different classes of receptors, with high and low affinity (2) . EGF binding to the receptor and receptor activation was modeled similar as in the Kholodenko 1999 model (2) . These rate constants were calculated by Dissociation rate constants were in the order of 0.2 to 2 s -1 .
It has been shown experimentally that interaction of GEF (Guanine nucleotide exchange factor) and GAP (GTPase activating protein) with Ras proteins, and intrinsic Ras nucleotide exchange and hydrolysis, cannot be directly translated from in vitro rate constants to the in vivo situation (6) . For example, the intrinsic GTP hydrolysis rate of Ras was measured in vitro as on the order of 0.0001 to 0.0004 s -1 (7, 8) , however, the in vivo rate, when measured in xenopus oocytes, was 10 times faster (0.0048 s -1 ) (6). Changing this intrinsic rate of hydrolysis had large effect on ERK-P down-regulation in our model. This is consistent with previous data showing that overexpressing a GAP 100 times, only leads to a 3 times reduction in the output. Thus, the intrinsic rate constants of hydrolysis and exchange are more important than previously thought.
For binding of Ras to Sos1 and the nucleotide exchange reaction, we based our rate constants on those in a recent paper, in which this reaction has been measured with Ras attached to lipid vesicles (9) . In this paper higher nucleotide exchange rates were measured with Ras attached to the membrane, than with Ras in solution (more than 200 times faster). We assume binding of Ras-GDP (RasD) to Sos1 occurs with fast on and off rates, and that catalysis is fast (we assume a rate constant of 0.3 s -1 , which is a medium value for the exchange reaction measured with different Ras surface densities) (Table S3-b) .
Binding of docking proteins (Dok), GAP-induced deactivation, and intrinsic GTP hydrolysis.
Recruitment of p120GAP (GAP) to the membrane can either occur through direct association with the phosphorylated receptor through its SH2 domain, which has a weak binding affinity to EGFR phosphorylation sites (4). Another possibility is that GAP is recruited through interaction with docking molecules such as GAB1 (4) or Dok proteins (Dok1) (10) . In our model we assume binding of Dok through its PTB domain directly to the phosphorylated receptor, with affinities of the PTB domain and the phosphorylated EGFR in the 100 nM range (10).
It has not been possible to measure k on or k off rates for binding of GTP-bound Ras (RasT) to GAP. However, the association and dissociation kinetics for NF1, another GAP, are on the order of 40 is probably still under-estimated.) With these k on and k off rates, the affinity is in the micromolar range, and corresponds to the Km (Michaelis Menten constant) of the reaction (5 µM) (Table S3 c).
Activation and deactivation of Raf, MEK, and ERK Binding of c-Raf to active Ras, and activation and initiation of the MAPK cascade, was modeled using association rate constants from the Yamada 2004 model (3) . The only rate constant we modified was the binding constants for c-Raf WT (Raf) binding to RasGTP (RasT), which we based on in vitro rate constants between c-RafRBD and RasmGppNHp measured using stopped flow analysis (12) . We selected the rate constants from this publication in order to compare with rate constants for some of the c-Raf mutants, which were measured in vitro under the same conditions (12) . For binding of mutants we assumed that c-Raf catalytic activity is not influenced by the mutations in the RBD (Ras binding domain) (Table S3-d) . Binding of c-Raf to RasD (RasGDP) was also included in the model, because in vitro k on and k off rates are available, and for some of the mutants binding affinity to RasD is increased up to 5 times (12). Negatively charged amino acid residues were labeled in red, positively charged amino acid residues were labeled in blue.) Some samples were analyzed on different blots (indicated as blot 1 and blot 2), and the band intensity sometimes varied with the blot. (A and B) , the PI3K inhibitor decreases the amount of ERK-P, whereas at 0.5 ng/ml EGF (C) the PI3K inhibitor increases the amount of ERK-P. Cell-type specific importance of Ras-CRaf kinase complex association rate constants for MAP kinase signaling __________________________________________________________________________________________ Table S3 -continued : Modeling parameters Cell-type specific importance of Ras-CRaf kinase complex association rate constants for MAP kinase signaling __________________________________________________________________________________________ Table S3 -continued : Modeling parameters Appendix: Sensitivity Analysis for the RK13-like model. Rate constants for the Ras-Raf interaction (Reaction 19) in the RK13-like model were modified by either increasing the association rate constant (k on ) and the dissociation rate constant (k off ) 4 times, or by decreasing k on and k off 4 times, compared to WT. The time courses (sum-files) for each species are plotted superimposed in one diagram for WT (grey line), 4 times higher k on and k off (blue line), and for 4 times lower k on and k off (red line). All diagrams show the time in minutes on the x-axis and the number of molecules on the y-axis. The reason one sees only the blue line in the early graphs is that all three conditions are identical and superimposed. We include only the simulations 
